Mammalian target of rapamycin (mTOR) activity is required for memory and is dysregulated in disease. Activation of mTOR promotes protein synthesis; however, new studies are demonstrating that mTOR activity also represses the translation of mRNAs. Almost three decades ago, Kandel and colleagues hypothesised that memory was due to the induction of positive regulators and removal of negative constraints. Are these negative constraints repressed mRNAs that code for proteins that block memory formation? Herein, we will discuss the mRNAs coded by putative memory suppressors, how activation/inactivation of mTOR repress protein expression at the synapse, how mTOR activity regulates RNA binding proteins, mRNA stability, and translation, and what the possible implications of mRNA repression are to memory and neurodegenerative disorders.
Mammalian target of rapamycin (mTOR) activity is required for memory and is dysregulated in disease. Activation of mTOR promotes protein synthesis; however, new studies are demonstrating that mTOR activity also represses the translation of mRNAs. Almost three decades ago, Kandel and colleagues hypothesised that memory was due to the induction of positive regulators and removal of negative constraints. Are these negative constraints repressed mRNAs that code for proteins that block memory formation? Herein, we will discuss the mRNAs coded by putative memory suppressors, how activation/inactivation of mTOR repress protein expression at the synapse, how mTOR activity regulates RNA binding proteins, mRNA stability, and translation, and what the possible implications of mRNA repression are to memory and neurodegenerative disorders. A referee is 'an official whose job is to make sure that a game is played fairly and that the rules are not broken [1]'. Researchers since the 1970s have been deciphering the strict rules that govern synaptic plasticity, the long-lasting changes that strengthen or weaken synapses. Adherence to these rules mediates precision in synaptic communication, which is required for interconnected networks of synapses to form a memory. Breaking these rules leads to neurological disorders such as Alzheimer's disease (AD), autism spectrum disorders (ASD), and epilepsy, where activity may end up being excitotoxic [2] . Determining the molecular referee for memory is a critical task as it may lead to more targeted pharmacological therapies for neurological disorders that express impaired memory.
In the 'game' of memory, two teams compete. Kandel and colleagues in the late 1990s referred to the two teams as positive regulators and negative constraints of memory. In this visionary review, they likened negative constraints to tumour suppressor genes [3] . The presence of negative constraint proteins in the synapse suppresses memories. Just as the disruption of a single tumour repressor protein is probably not enough to promote cancer, aberrant expression of a single memory suppressor protein will probably not affect cognition [3] . Dysregulation of proteins that serve as hubs of translational regulation (i.e. single factors that coordinate the expression of many mRNAs), however, could compromise memory and lead to disease [4] . Examples of translational regulation hubs include signalling pathways that control protein synthesis, Abbreviations AD, Alzheimer's disease; ASD, autism spectrum disorders; CDK5, cyclin dependent kinase 5; DMSO, dimethyl sulfoxide; EPSPs, excitatory postsynaptic potentials; FCBS, FMRP consensus binding sequence; FMRP, fragile X mental retardation protein; FXS, fragile X syndrome; LTP, long-term potentiation; MAPK, mitogen-activated protein kinase; miRs, MicroRNAs; mTOR, mammalian target of rapamycin; PSD, postsynaptic density; RBP, RNA binding protein; RISC, RNA induced silencing complex; sIPSP, slow inhibitory postsynaptic potential.
microRNAs -small RNAs known to repress mRNA translation -or RNA-binding proteins that repress or promote translation. Fundamental studies on molecular mechanisms that ensure that memory suppressor proteins are removed from the synapse during cellular conditions that model learning and memory are beginning to emerge.
Evidence for memory suppressor proteins
The quest to determine the cellular and molecular correlates of memory can be traced back to Santiago Ramon y Cajal, who, over a century ago, envisioned that alterations in synapses might underlie learning [5] . Since then, different research teams have discovered pieces of evidence to support Cajal's proposition on synaptic plasticity. The historic work of Timothy Bliss and Terje Lømo laid the physiological evidence that synaptic plasticity and efficacy can endure for days [6] . These lasting changes in synaptic behaviour -commonly called 'long-term potentiation' (LTP) -are deemed to be the physiological expressions of memory and have fuelled the ongoing search to identify the molecular basis of memory.
Subsequent studies on LTP revealed that it is expressed in two distinct phases or stages: early and late. The late-phase LTP is highly relevant to this review not only because it is thought to be a model of memory consolidation, but also because it relies on protein synthesis [3,7-9]. While the requirement for protein synthesis in late-phase LTP is well-known, the necessity of reducing protein expression in LTP has been largely neglected. A careful reconsideration of a study on LTP and protein synthesis from Bliss and colleagues interestingly shows that reduction of proteins accompanies the expression of persistent LTP [10] . Although it was unclear from this study whether reduced protein expression was due to protein degradation or reduced synthesis, many have taken an interest in activity-dependent protein degradation (for review see [11, 12] ). In contrast, repression of protein synthesis, as a means of limiting the expression of memory suppression proteins, remains underexplored.
Mammalian target of rapamycin -the referee for remembering or forgetting? mTOR activity is required for memory Mammalian target of rapamycin (mTOR) controls a signalling pathway whose activity and downstream regulation of protein synthesis is required for longlasting forms of synaptic plasticity and memory (reviewed in [13] [14] [15] ). mTOR is a serine/threonine kinase and has a prime function in promoting mRNA translation initiation [16] . Experiments that reduce mTOR signalling with rapamycin, an mTOR-specific inhibitor, prior to LTP induction, block late-LTP [17] [18] [19] . Conversely, genetic manipulations in mice that result in elevated basal mTOR activity enhance late-LTP [20] . In support of these findings, behavioural experiments that assess learning and memory in rodents indicate the requirement of mTOR activity in the formation, consolidation and reconsolidation of memories [20] [21] [22] [23] [24] [25] .
Herein, we present studies that establish mTOR as a referee of synaptic plasticity and memory, with an emphasis on mechanisms by which mTOR activation suppresses protein synthesis and mTOR inactivation promotes protein expression. We will refer to the active mTOR state as mTOR-On and inactive as mTOR-Off. We consider the role of mTOR-On and mTOR-Off in local protein synthesis, the expression of RNA-binding proteins, RNA competition, mRNA stability and neurological disorders. The role of mTOR in promoting protein synthesis has been extensively reviewed elsewhere (for review see [26]), thus we will limit our discussion of mTOR-On proteins and refer to them only in the context of how they may influence the expression of mTOR-Off proteins. mTOR acts as a switch for long-lasting changes in synaptic efficacy mTOR protein is localised to dendrites and can modify synapses in a site-specific manner by determining which proteins win (are translated) or lose (are repressed) [18, 27] . Previous studies theorised that dendrites contained polyribosomes, mRNAs, translation factors, as well as components that resemble the secretory pathway (endoplasmic reticulum and golgi membranes) to explain local protein synthesis (for review [28] ). However, the identification of a referee, a single protein that can turn mRNA translation on and off, such as mTOR, fulfils the requirement for temporal and site-specific protein expression at synapses.
How is a synapse coached to be potentiated or depontentiated?
N-methyl-D-aspartate receptor (NMDAR) activation turns mTOR on in dendrites during LTP [29] . Thus, activated synapses have to be ready or primed to respond, accordingly. As in many sports, a referee signals during a game to preside over the players and enforce the rules. This analogy can be extended to a synaptic arena, in which mTOR, acting as a referee, presides over molecular players of plasticity and memory. While the referee typically enforces rules, there are times where he or she has to use his or her experience in the game to make critical judgement calls thus, influencing the outcome of the game. The same is true for synapses. For example, to prime a synapse, mTOR officiates over molecular players [e.g. mRNAs that encode plasticity-related proteins (PRPs)] during the plasticity and memory game using the following guidelines. Guideline 1: mRNAs made in the nucleus are transported to the dendrites where they reside until mTOR signals to promote their translation. mTOR makes a critical judgment call based on the amount of synaptic stimulation and previous history of activity. Guideline 2: Since mRNAs can be silenced, repression of mRNA translation ensures the availability of dendritic mRNAs for temporal expression. The mRNAs repressed at the synapse may code for mRNAs that will potentiate or depontentiate the synapse. Toggling the activity of mTOR may dictate the direction the synapse will respond. Guideline 3: mTOR decides which mRNAs are ejected from the game. This often determines the outcome of the game. Removal of mRNAs from dendrites through decay processes may shift the odds toward whether a memory is consolidated or forgotten.
With such tight regulation over protein synthesis at the synapse, one questions why synapses contain mRNAs that code for proteins that block memory. To answer this question, the mRNAs that are repressed by mTOR need to be identified. mTOR activity represses protein synthesis -the mRNAs that lose in the competition for translation Our lab has focused on identifying proteins that may serve as memory suppressor proteins. Based on the simplistic idea that influencing the referee (i.e. inhibiting mTOR activity with the drug rapamycin), we identified, by tandem mass spectrometry (MS/MS), proteins whose expressions increase when mTOR activity is low. We hypothesise that these proteins fall into two groups: (a) memory suppressor proteins and (b) homeostatic proteins that turn mTOR back on. Thus, when mTOR is on, the memory suppressor proteins are absent, and when mTOR is off, they are present. Moreover, homeostatic proteins are necessary to prime the synapse to turn mTOR back on, in order for new learning to occur [30] .
Interestingly, MS/MS analysis on cellular lysates of cortices isolated from rats that were briefly exposed to dimethyl sulfoxide (DMSO/control) or rapamycin via intraperitoneal injection, confirmed that mTOR activity greatly influences the synapse (Fig. 1) . Analysis of the subcellular fraction that is enriched with postsynaptic density (PSD) determined that acutely perturbing mTOR activity changes~75% of the proteins in PSD [31] . Moreover, roughly the same number of unique proteins were detected at the PSD when mTOR was active (mTOR-On proteins) and when mTOR was turned off (mTOR-Off proteins) (Fig. 1) . Several mechanisms may account for increased expression in the PSD of mTOR-Off proteins, including local synthesis, translocation into the synapse, an increase in protein stability, or a combination of these. We will focus on those proteins whose mRNAs are repressed when mTOR is active and translated when mTOR is off and how they may fit the bill as memory suppressor proteins.
Potassium channels, the lovable losers, as a putative memory suppressor protein
What mTOR-Off proteins are good candidates to block memory? One would predict that proteins that increase the threshold for synaptic activation and, therefore, will reduce the probability that LTP will be sustained would be contenders for memory suppressor proteins. The field at large has focused on how blocking protein synthesis reduces proteins that increase excitatory drive and are required to maintain L-LTP. These are typically proteins such as glutamate receptors or signalling proteins that amplify synaptic signals like CaMKIIa (i.e. winners; for review see [32] ). However, both synaptic and nonsynaptic plasticity underlie long-term potentiation and memory. Nonsynaptic plasticity refers to dynamic changes in heterogeneous population of ion channels including K + , Na + , and Ca 2+ , and is often referred to as plasticity of intrinsic excitability [33] . Notably, Schuman and colleagues have found that mRNAs coding for all three classes of voltage-gated ion channels are present in the dendritic fields of hippocampal CA1 [34] . While an increase in voltage-gated Na + and Ca 2+ channels is likely to reduce the threshold for synaptic activation, K + channels will dampen the effect of synaptic activation. Thus, one would predict that mechanisms that block K + channel activity and/or expression in dendrites are required for long-lasting synaptic efficacy (loveable loser). Some of the first studies that demonstrate the relationship between reduced K + channel and longlasting behaviours were done in invertebrates in the early 1980s (for review see [33] ). Progress toward understanding how plasticity of intrinsic excitability contributes to information storage in mammals has been slower, likely due to the misconception that dendrites were passive and did not contain active ion channels [35] . However, manipulation of K + channel activity in rodent dendrites, pharmacologically or using knockout mice, has been shown to have profound effects on LTP, LTD and memory [36-40] (for review see [35] ). mRNAs coding for the voltage-gated potassium channel subfamilies Kv1, Kv4, Kvb, the large conductance calcium sensitive potassium channel BK, and G-protein activated inwardly rectifying potassium channel (GIRK or Kir 3) have been localised to dendrites [27, 34, 41, 42] . It's still early days in our understanding of how intrinsic excitability contributes to memory, but local synthesis of ion channels provides a solution for site-specific titration of synaptic activation, which in turn will increase the capacity of memory storage [43] .
Kcna1, 2, 3, 4, and 6
The Kcna gene family codes for the pore-forming subunits of the Kv1 or shaker subfamily (for review see [44] ). Typically, this gene family codes for delayed rectifiers or A-type channels depending on its aminoterminus or subunit composition. In Drosophila, shaker mRNA is alternatively spliced with different aminotermini that dictate how fast the channel inactivates [45] . The amino-terminus has been termed the inactivation ball that, upon channel opening, occludes the pore, preventing further potassium movement across the membrane [46] . Channels with inactivation balls, such as Kv1.4, inactivate quickly leading to currents that have been described as A-type current (for review see [47] ). In contrast, Kv1.1, 1.2, 1.3 and 1.6 are delayed rectifiers, which open slowly and do not inactivate. These channels help set the resting membrane potential, regulate transmitter release, and determine frequency of action potentials [48] . Notably, Kv1.1, 1.2 and 1.4 have been characterised as axonal channels in the hippocampus [49] . More recently, their mRNAs have been detected in dendrites [27, 34] . Kv1.1 is locally synthesised in dendrites when NMDAR or mTOR activity is inhibited, making it tempting to speculate that translational repression of its mRNA is a positive feedback mechanism to sustain LTP and promote memory formation. However, due to Kv1.1 being localised both in axons and transiently expressed in dendrites, its role in the maintenance of LTP has been difficult to assess. For example, blocking Kv1.1 with its specific toxins dendrotoxin K or 4-aminopyrimidine (4AP) results in an increase in presynaptic transmitter release due to inhibition of presynaptic channels and, thus, confounds results. Tools that target Kv1 channels specifically in dendrites are necessary to assess its functional contribution to synaptic plasticity.
To date, it is unclear if the expression of other members of the Kv1 subfamily is regulated by NMDARs and mTOR in dendrites. Data from heterologous cells suggest that Kv1.1 is an obligate heteromultimer and assembles with other subfamily members to target the membrane [50] . Therefore, it is likely that other subfamily members are also expressed in an mTOR-regulated manner. Interestingly, mTOR activates S6 ribosomal subunit kinase (S6 kinase), which has been reported to phosphorylate the dendritic RNA binding protein (RBP) fragile X mental retardation protein (FMRP), promoting FMRP to bind and repress translation of its target mRNAs [51] . Since Kv1.2 mRNA is a verified target of FMRP, the model in Fig. 2 provides a reasonable mechanism by which Kv1.2 mRNA translation is repressed during increased mTOR activity (Fig. 2) [52] .
While the model we propose provides a reasonable mechanism for local synthesis of Kv1.2 and perhaps other voltage-gated potassium channels (see Kv4), it should be noted that S6 kinase phosphorylation of FMRP is controversial [53] . Thus, future experiments are required to test this model.
Kcnb1 and 2
Kvb subfamily is coded by the Kcnb1 and 2 genes. Kvb1 and 2 differ in function [47] . Both Kvb subunits assemble with the alpha pore-forming subunit at the amino-terminus. Kvb1 acts like an inactivation ball and converts delayed rectifiers to A-type channels. To date, there is no evidence that Kvb1 expression is regulated by mTOR activity. However, local synthesis of Kvb1 would significantly impact the kinetics of the channel, which in turn would affect the membrane potential. It should be noted that neuronal excitability and synaptic plasticity are reduced in preclinical models of ageing, perhaps accounting for cognitive decline [54] . Aged Kvb1 knockout mice have enhanced synaptic plasticity, suggesting that Kvb1 may contribute to deficits in cellular models of learning and memory with ageing [55] .
Kvb2 promotes the surface expression of the Kv1 subfamily. Thus, its activity-dependent expression will increase the current density of the channel. Moreover, it traffics the alpha subunit to the axon [56, 57] . Interestingly, Kvb2 is differentially regulated by mTOR in a subcellular fashion. When mTOR is active, Kvb2 expression increases in total lysate samples but is repressed in the PSD fraction [31] . The differential expression of Kvb2 raises an interesting possibility. mTOR activity could increase somatic Kvb2 to traffic Kv1 subunits made in the soma to the axon; when mTOR is inhibited, Kvb2 could provide local insertion of Kv1 pore forming subunits, also locally synthesised into the PSD (Fig. 2) . Interestingly, cyclin dependent kinase 5 (CDK5) phosphorylates Kvb2, which facilitates axonal membrane insertion of the channel complex [58] . Our mass spectrometry data suggest that mTOR activity increases CDK5 expression in the lysate (somatic population), which is consistent with axonal expression and function of Kv1-containing channels when mTOR is active (Fig. 2 , left, bottom schematic) [31] .
Kcnd4
The Kv4 subfamily (Shal) is coded by the gene Kcnd4 and conducts A-type currents with fast inactivation when expressed. The Kv4 subfamily of ion channels is the best characterised in the context of synaptic plasticity, by far. Pharmacological inhibition of Kv4 channels in acute hippocampal slices increases backpropagating action potentials. Back-propagating action potentials facilitate associative synaptic plasticity by depolarising the membrane sufficiently to dislodge the magnesium block from the pore of NMDARs, which leads to increased synaptic potentiation [59] . Therefore, repression of Kv4 channel expression increases the likelihood that associative plasticity occurs and synaptic efficacy is increased. In support for this theory, Kv4.2 knockout mice show reduced LTP [36] .
Kv4.2, like Kv1.2, is a known target of FMRP [52] ; however, whether FMRP represses or promotes Kv4.2 mRNA translation is still a matter of debate [60] [61] [62] . In the hippocampus, physiological evidence supports both an increase and reduction of Kv4 channel activity with the induction of LTP [36, 59] . Moreover, Brager and colleagues demonstrate a cell-specific increase in Kv4-mediated A-current in the prefrontal cortex of Fmr1 knockout mice [63] , opposite to what they observed in CA1 hippocampal neurons [62] . As described in our model for Kv1.2 (Fig. 2) , phosphorylation of FMRP by S6 kinase downstream of mTOR activity should affect Kv4 expression, one way or the other. Jan and colleagues demonstrated that Kv4.2 expression, like Kv1.1, increases with mTOR inhibition. Moreover, there was a corresponding reduction in FMRP phosphorylation, consistent with mTOR repressing the expression of Kv4.2 through FMRP [61] . Notably, we did not detect significant changes in Kv4 expression in our mass spectrometry data. Thus, the regulation of Kv4 mRNA translation and channel activity may be more complicated than simply being repressed or initiated by mTOR.
Kcma1
The Kcma1 gene codes for the large conductance calcium activated potassium channel, BK, and the mRNA is alternatively spliced in a cell specific manner. Interestingly, one splice variant retains an intron that serves as a dendritic targeting sequence, deeming this isoform dendrite-specific. The mRNA expression of this variant is dendritic. Knockdown of the introncontaining mRNA reduces BK expression in spines [41] . How local excitatory postsynaptic potentials (EPSPs) are affected by synthesis of BK near or in spines is not known. However, it is speculated that reduced BK would allow for a back-propagating action potential to repolarise the membrane potential more slowly, which would unblock NMDARs and increase synaptic efficacy [64] . Recently, Kato and colleagues suggested that fear conditioning suppresses BK expression in the amygdala [65] . Interestingly, our MS/ MS data did not detect BK protein at synapses; however, the channel was upregulated with mTOR inhibition in the total cellular lysate fraction, consistent with its repression with fear memory [31].
Kcnj2
The Kcnj2 gene codes for the G-protein activated inwardly rectifying potassium channel 2 (GIRK2 or Kir 3.2). At the physiological level, GIRK current is required for the depotentiation of EPSPs during LTP [37] , and potentiation of the slow inhibitory postsynaptic current (sIPSC) during LTP [66] . While counterintuitive with GIRK's role in depotentiation, the role of GIRK current has been shown to be required for contextual fear [39] . While these studies do not directly test the requirement for mTOR activity or local protein synthesis of synaptic expression of GIRK channels, Kcnj2 mRNA has been found to be trafficked to the dendrites by the RNA splicing factor protein Nova [42] . In contrast to Kcnma1, which requires splicing and the retention of a specific intron in order to target the dendrites, Nova binds to the 3 0 untranslated region (UTR) of Kcnj2 mRNA, independent of its splicing function. Interestingly, slow inhibitory postsynaptic potential (sIPSP) of LTP is absent in the Nova2 knockout mouse, suggesting that dendritic targeting of Kcnj2 mRNA and local protein synthesis of GIRK2 are required [66] .
In summary, even small changes in local ion channel expression in dendrites, perhaps undetectable by traditional biochemistry, may have a dramatic impact on EPSPs [67] . As the sensitivity of detection methods improves to visualise local synthesis of ion channels in dendrites and dendritic branches, and as tools are developed to specifically manipulate the expression of K + channels in a site-specific manner, the role of local synthesis of K + channels will help answer the question which channels increase information storage and which ones reduce it.
microRNAs -winners and losers
How does mTOR activity choose which transcripts are the winners and consequently synthesised? Multiple RNA binding factors repress or promote mRNA translation. Emerging data suggest that single RNAbinding factors, such as RBPs or microRNAs, may act as post-transcriptional regulons, regulating the synthesis of proteins with coordinated functions [68] . Recently, the model of this regulon has expanded to include regulation of noncoding mRNAs [69] . While this literature is quite extensive, below we focus on mechanisms by which mTOR regulates mRNA regulons to mediate memory. As mTOR activity is required for memory consolidation, we will consider the literature that explicitly studies memory and also requires mTOR activation.
MicroRNAs (miRs) are a group of small, noncoding RNAs that bind to regulatory sequences in the 3 0 UTR of mRNAs. miRs either lead to the degradation of the mRNAs they bind, or serve as translational repressors [70] . As translational repressors, miRs ensure proper temporal and spatial syntheses of proteins [71] . miRs have to be processed to their mature, binding-competent form by the enzyme Dicer. Interestingly, a study that examined the expression of miRs with fear conditioning demonstrated that the levels of the mature form change; however, the unprocessed or pre-miR levels remain the same [72] . Recently, miR processing was shown to occur at the synapse. These data suggest that dynamic regulation of mRNA repression and degradation can occur in a synapse-specific manner with active Dicer proteins dynamically binding to those mRNAs localised to synapses [73] . Mature (processed) miRs are loaded into the RNA induced silencing complex (RISC), which directs the miR to its target mRNA and facilitates base pairing between the miR and mRNA that will be silenced (for review see [74] ).
miRs have been suggested to be memory suppressors. This stems from the theory that specific miRs release mRNAs that code for proteins that underlie L-LTP and consolidation. By the same logic, miRs may serve as memory enhancers by binding and repressing the translation of mRNAs that code for memory suppressor proteins, such as K + channels. Evidence that miRs can serve as 'memory suppressors' is best characterised through olfactory learning in Drosophila. The neuronal circuits and cell types for olfactory learning in Drosophila are known and described in detail (for review see [75] ). Some of the earliest data emerged from mutating RISC proteins, which disrupted miR function. These mutations lead to normal learning with deficits in long-term memory in Drosophila [76] . However, disruption of the RISC does not specifically indicate if de-repressing mRNA translation of memory enhancer or suppressor proteins is causative. To specifically address this question, manipulation of miRs in this tractable system has allowed for unbiased screens for memory-related miRs. Expression of sponges, specific complimentary oligonucleotides that sequester miRs from binding to their target mRNAs, were used to probe olfactory learning and memory against 134 individual miRs. 18-21% of the tested miR-sponges produced significant altered memory phenotypes; importantly, some increased memory and some led to memory deficits [77] . Many neuronal mRNAs have multiple miR binding sites, which are thought to provide a highly complex code for mRNA repression/ degradation, allowing for translation to be fine-tuned [78] . Therefore, it is striking that even roughly 20% of the individually expressed miRs screened had a phenotype. Collectively, these data argue that miRs play a role in repressing both memory enhancer and suppressor proteins, as predicted by the bidirectional protein expression regulated by mTOR activity.
What regulates miR binding to its target mRNAs? One might predict that mTOR may regulate the expression of memory-related miRs. Fear conditioning produced both up-and down-regulation of miRs at several time points after acquisition [72] . These data suggest that translation and repression of mRNAs that promote fear memory are regulated by miRs. Interestingly, fear conditioning upregulated several miRs that target mRNAs that code for proteins that inhibit the activation of mTOR, thus preventing the translation of these proteins [72] . Because these proteins would prevent the activation of mTOR during the consolidation phase, they fit the bill for memory suppressor proteins. Future work characterising other miRs that are upregulated during fear condition and their mRNA targets may lead to a better understanding of how NMDAR and mTOR regulate synaptic efficacy via mRNA translation.
HuD, an RNA-binding protein that bumps off its competitor (microRNAs) Do the levels of miRs have to change with mTOR activity to repress translation of memory suppressor mRNAs? Dynamic changes in miR expression suggest a corresponding change in target mRNA translation. However, activity-dependent changes in the expression of RBPs that displace miRs may also be the trigger for the translation or repression of an mRNA. One of the best examples is the Hu family of RBPs (Elav, HuR, HuB, HuC, and HuD). Hu typically promotes the translation of its targets by binding to AU rich elements. HuD's expression increases with learning, seizures and cocaine exposure [79, 80] . Both seizure activity and cocaine exposure are reported to lead to hyperactive mTOR signalling [81] [82] [83] [84] .
How do Hu RBPs de-repress mRNA translation? The typical thought of action is through competitive binding with miRs for the same binding motif. However, through oligomerisation of the RBP, HuR proteins can displace bound miRs by binding many basepairs away from the miR seed sequence [85] . It should be noted, that the translation of HuD mRNA, itself, is highly regulated by machinery in the RISC complex and polyadenylation [86, 87] ; thus, activitydependent local changes in Hu expression is another way to control site-specific protein expression of its target mRNAs. mTOR activity level referees competition between high and low affinity HuD target mRNAs, favouring translation of memory enhancers
What happens when miR and RBP expression levels do not change? Are there other mechanisms for shifting the probability that an mRNA will be translated? One way to favour a winner is by removing a competitor. Hu proteins promote translation of their targets through stabilising the mRNAs that they bind to. We have shown that mTOR activity stabilises CaMKIIa mRNA through the binding of HuD. When mTOR activity is reduced, CaMKIIa mRNA degrades through deadenylation [82, 88] . Moreover, we found that HuD disrupts miR-129 binding to Kv1.1 mRNA when mTOR is inactive. Surprisingly, mTOR activity does not alter HuD or miR-129 expression levels. These data suggest that perhaps the mRNAs that HuD stabilises -when mTOR is active -degrade when mTOR activity is reduced, allowing for free HuD to bind translationally repressed mRNAs, such as Kv1.1 [88] . CaMKIIa mRNA has 32 predicted HuD binding sites in its 3 0 UTR, and Kv1.1 mRNA has only three in its coding region. Based on the significant difference in the number of binding sites and the location of binding, we suggest that CaMKIIa mRNA represents a putative population of high affinity-HuD mRNAs that are stabilised when mTOR activity is high, and Kv1.1 mRNA represents low affinity mRNAs, with HuD levels being the limiting factor [88] . In agreement with this premise, HuD binding in the coding region only represents 8% of its target mRNAs, suggesting that it prefers binding to sites within the 3 0 UTR [89] . Thus, switching mTOR off removes the competition through mRNA decay (memory enhancers) and allows the underdog (memory suppressors) its opportunity to be expressed, for better or for worse.
How does mTOR referee other RBPsis competition a general mechanism?
Is mRNA competition for RNA binding proteins a general mechanism that is employed to control the syntheses of select proteins and a means of shaping global and/or local function? mRNA competition, either due to differences in mRNA abundance or affinity to RBP, is just beginning to be explored [90] . The field of synthetic biology has embarked on pioneering studies on mRNA competition and considers mRNA competition to be a source of cross talk in protein synthesis [91] . An additional example beyond HuD is FMRP. FMRP and its mRNA targets are well-studied and characterised (for review see [92] ). FMRP, encoded by the Fmr1 gene, is an RBP that is generally regarded as a suppressor of mRNA translation, such that excessive protein synthesis is deemed to underlie the pathological phenotypes in fragile X syndrome (FXS). Unlike HuD that typically promotes protein synthesis, cases have been reported where FMRP binding can repress or promote translation. For example, FMRP binds to superoxide dismutase 1 (SOD1) mRNA to stabilise it and promotes its translation [93] . In addition, FMRP has been reported to promote Kv4.2 mRNA translation. This unique finding exposes the dual role of FMRP as a repressor of protein synthesis for some mRNAs and as an activator for others. The exact mechanism of how FMRP switches from a repressor to an activator of translation is yet to be elucidated.
Could the decision of FMRP repression be dependent on differing affinities to its mRNA targets like HuD? The mRNAs of c-aminobutyric acid B receptors 1 and 2 (GABA B R1 and GABA B R2) bind to and are translationally repressed by FMRP [52, 94] . Basal levels of GABA B R1 and 2 proteins are elevated in an Fmr1 knockout mouse model of FXS [94] . However, at 1 h after administration of a rapid antidepressant or ethanol, an NMDAR blocker, when FMRP level is reduced, only GABA B R2 displays increased protein synthesis. This finding is curious because one would expect that the synthesis of proteins that serve a similar function and are translationally repressed by the same RBP would be identically affected upon perturbing the shared RBP. Is FMRP expression the limiting factor such that GABA B R1 has a higher affinity for FMRP than R2? These findings intriguingly suggest that mRNAs that bind to translation suppressors may also compete for repression with the higher affinity mRNAs remaining repressed. Although studies will need to be conducted to test this idea, mRNA competition for translation de-repression may serve as a mechanism that dictates which mRNAs are translated in an activity-dependent fashion when bound to translation suppressors, like FMRP and miRs.
A caveat to the theory that FMRP target mRNAs compete for FMRP binding based on affinity of its binding site is that the FMRP binding motif is highly debated in the field. Some suggest that FMRP does not bind in a sequence specific manner [52] . Still others suggest that FMRP binds to certain motifs or structures [95, 96] . Thus, if there is no sequence specificity how would mRNAs compete for binding? A recent bioinformatics analysis that compares different FMRP-mRNA binding motifs that were proposed by previous studies, have determined FMRP consensus binding sequence (FCBS) motifs: TGGA, GAC and TAY (for a comprehensive list of studies that examine the different RNA binding motifs of FMRP, see [97] ). Thus, we propose that competition arises from how the different RNA binding motifs of FMRP determine which mRNAs are translated. For example, an isoleucine to asparagine mutation (I304N) in the hnRNPK homology 2 (KHs) domain of FMRP does not seem to affect the association of Kif1a and Lingo1 -established FMRP mRNA targets -to I304N-FMRP [52] . However, for another known FMRP target mRNA, Map1B, mRNA association with I304N-FMRP appears different.
As mentioned above, FMRP's phosphorylation state has been shown to dictate its association with mRNAs. Phosphorylation of FMRP generally increases FMRP-mRNA association and suppresses protein synthesis. Because FMRP functions as a translation repressor and activator, it would be useful to examine which mRNAs associate with FMRP when it is phosphorylated or dephosphorylated as well as to the different RNA binding motifs of FMRP. This work will be invaluable to our understanding of how different symptoms arise in FXS.
Although we focus on mTOR's role in regulating translation of local mRNAs, exciting findings from other groups demonstrate that the mitogen-activated protein kinase (MAPK)-interacting kinases (MNKs) may also referee the translation of select mRNAs that encode PRPs, independent of mTOR. Interestingly, these transcripts are repressed when bound to MNK and FMRP. Phosphorylation of MNK releases FMRP and allows translation initiation to occur. Thus, understanding how these two modes of translational repression fit together to remodel a synapse is an important future direction [98] .
What happens when the ref favours one team over the other -is this the root of cognitive disorders?
For a game to be played fairly the ref has to be balanced in his calls. By the same analogy, it is essential that mTOR operates within its optimal operating range, remaining balanced for cells to remain healthy and to respond accordingly to extra-and intracellular cues [99] . But what happens when the ref favours one team over the other? Constitutively active or inactive mTOR states are strongly linked to disease. For example, epilepsy, ASD and AD generally display overactive mTOR, while Parkinson's disease and Rett syndrome (RTT) exhibit underactive mTOR [83, [100] [101] [102] [103] [104] [105] [106] . While excessive protein synthesis has been considered to be the root of hyperactive mTOR-related diseases, the discovery that mTOR is overactive in epilepsy argues otherwise (reviewed in [106] [107] [108] ). Early studies on epilepsy have primarily focused on deficiencies in potassium channel function and expression [64] . Recent studies have started to focus on the relationship between mTOR activity and ion channel expression [27, 82, 109, 110] .
Is there a reciprocal relationship between memory suppressor protein expression and mTOR activity levels? Can tapping into memory suppressor proteins return mTOR to its normal operating range in disease states? Dendritic ion channels that help set the resting membrane potential have the ability to reduce synaptic activity and thus reduce activation of mTOR. The best example of this possible reciprocal relationship is through the overexpression of the putative memory suppressor protein Kv1.1 in epilepsy. Kv1.1 protein expression is tightly coupled to epileptogenesis. Although mTOR inhibition by rapamycin reduces seizures by increasing Kv1.1 protein level, its long-term use is not viable [111] [112] [113] . Notably, viral mediated expression of Kv1.1was reported to prevent seizures in a focal model of epilepsy [114] . Whether mTOR activity is altered in this model and Kv1.1 overexpression restores mTOR activity to baseline remains to be determined. Another example has been reported in the case of treating depression where mTOR is reported to be hypoactive. It has been demonstrated that knockdown of the hyperpolarising cyclic nucleotide channel (HCN), a nonselective ion channel that is critical in establishing the resting membrane potential, normalising synaptic inputs, and regulating membrane resistance [115] , rescues depressive-like behaviours and increases mTOR activity [116] . Similarly, the increased expression of 14-3-3 eta, an adaptor protein that decouples GABA B R signalling from dendritic K+ channels and thus removes slow inhibition, facilitates increased mTOR activity in the hippocampus and results in rapid antidepressant efficacy [117] . It is therefore important to determine disease-associated proteins whose expressions rely on mTOR activity level, with the idea that mTOR-On and mTOR-Off proteins work synergistically to preserve normal neuronal function.
Future questions and conclusions
Our understanding of how mTOR activity influences proteostasis is evolving. What is the next step? Most of these studies have been done examining global changes in mTOR activity. To this end, the mTOR inhibitor rapamycin has shown some promise in overactive mTOR related diseases such as TSC and AD (for review see [118] [119] [120] ). However, long-term use of rapamycin is prohibited due to side effects that cause many patients to stop taking it (for review see [120] ). In light of these studies, it's been suggested that finding downstream targets of mTOR activity may provide better therapeutic options [121] . This point is driven home since we have recently shown that levels of mTOR activity may affect mRNA translation or repression of specific transcripts differently depending on its subcellular localisation [31] . Thus, targeting the mTOR-dependent differential expression of these proteins might provide a way to titrate site-specific changes in excitability without turning mTOR off throughout the cell. How would one do this? Perhaps the first step would be to know if competition for miRs or RBPs occurs in specific compartments (i.e. PSD, dendrite, axon and soma). Over 1000 RBPs have been identified to date, and many of the mRNA targets of these RBPs have also been catalogued [91] . Mapping RBPs, miRs, and mRNA populations isolated to single dendritic branches that may compete for binding will be important to understand how synapses or groups of synapses are uniquely modified and contribute to long-lasting changes in synaptic efficacy. Further studies that explore the mechanisms that lead to site-specific differential expression of proteins when mTOR activity is perturbed will yield insight into cognition, as well as provide new disease targets to correct mTOR-related disorders while avoiding systemic or cell-wide changes that occur with rapamycin. Together, these data strongly support the continued search for mTOR-regulated memory suppressor proteins as a means to enhance memory, normalise mTOR activity and treat disease. 
